A study of dung beetles rolling dung balls to safety reveals unexpected facets of the beetle's acquisition and use of celestial information for keeping to a straight path.
Dung beetles are one of nature's oddballs and do some things backwards. After a large herbivore excretes a copious pile of dung, many hungry beetles fly in and compete for this food. To escape the melee, a beetle forms a dung ball and rolls it away along a straight path, before it can be stolen by a competitor. The ball can be larger than the beetle ( Figure 1A ) and keeping it moving in a straight line is not trivial. Usually, the reason for an animal to control a straight path is to take a particular direction that leads to a known destination, like food or home. A dung beetle doesn't much care which direction; as long as its path is straight and takes it away from the dung pile, the beetle has a good chance of escaping its competitors. Previous research suggested that dung beetles maintain their chosen direction using neural circuitry that other groups of insects employ to guide themselves in a remembered, celestially determined compass direction [1] . In this issue of Current Biology, el Jundi et al. [2] describe a series of ingenious behavioural experiments that show how a beetle's use of the available celestial information is more flexible. Rather than linking celestial cues to give a reliable estimate of compass direction, they seem to store whatever information the sky offers, whether or not it is consistent with a natural sky.
Going straight for any distance without an external reference is hard [3] . Blind mole rats know of this problem and when following routes switch from the use of internal vestibular or proprioceptive cues to a magnetic compass for distances that are longer than about 5 metres [4] . We humans tend to circle, if blindfolded, and normally rely on visual cues to guide a straight path [5] . Dung beetles are similar and turn in tight circles in the absence of any celestial cues ( Figure 1B) .
The dung beetle, in having to manoeuvre such a large ball, seems to have a particularly hard task. It pushes the ball backwards away from the dung pile with its hind legs. Control of this unwieldy object may engage most of its idiothetic resources -that is, cues from selfmotion -with little left over for keeping to a straight path. Because going straight only requires a dung beetle to sense and correct for unintended rotations, it is best, as the beetle has discovered, to monitor its direction relative to objects that are far away, like the sun or moon, so that the orientation of the image is unaffected by translational movements. By pushing the ball with its long hind legs, the beetle gives itself a view of the sky that is minimally obstructed by the ball. This use of celestial information for rotational control is not unique to dung beetles. It was first described in crabs living on mud flats [6] and later in flies [7] .
Most insects, when guided by celestial compass cues, are able to use either the sun directly or the pattern of polarised light in the sky induced by the sun [8] and have intrinsic knowledge of the natural relationships between these cues. For instance, in locusts and monarch butterflies, signals encoding the polarisation pattern and the sun converge onto single central brain neurons in the correct geometrical relationship [9] , and desert ants can switch seamlessly between these cues [10] . Tests in the lab, with a green light substituting for the sun and a patch of linearly polarised light as a substitute for the sky's natural polarisation pattern, showed that dung beetles are also guided by such celestial cues. Moreover, signals encoding these cues also converge onto single neurons [1] .
To analyse how dung beetles are guided by celestial cues, el Jundi et al. [2] took a beetle and its ball to the centre of an arena. Before the beetle rolls the ball, it climbs on top of it and turns on the spot. During this so called 'dance', the beetle appears to record the orientation of the sky pattern, thereby setting the subsequent direction of ball-rolling [11] . The beetle then maintains its chosen direction by turning to keep the currently viewed sky pattern aligned with the sky pattern it has stored.
Once the beetle has rolled the ball to the edge of the arena, it and its ball are placed back in the centre of the arena and the beetle rolls the ball a second time. The directions of the two paths are similar showing that the beetle's choice of direction persists from the first to the second trial. To be sure that the chosen direction is set relative to a celestial cue, that cue is rotated relative to the arena between the two trials. The beetle's second path is rotated by the same amount as the cue, indicating that the beetle was indeed guided by the rotated cue ( Figure 1C) . In initial experiments, the pseudo-sun and sky polarisation pattern were presented in their natural arrangement for the first trial. Then one of the two cues was removed and the pattern rotated. The beetle's second roll was in the expected rotated direction whichever cue was removed, showing that the beetle had stored information about both celestial cues.
The novel experimental condition, giving a new view of the beetle's behaviour, was to repeat the same experiment but, for the first roll, to present the direction of polarised light in an abnormal relationship to the substitute sun. The beetle's path on the two rolls was just as straight, showing that the beetle's orientation does not rely on a natural, fixed relationship between celestial cues. Instead it can record and use for guidance optically unrealistic celestial patterns ( Figure 1C) . It is as though dung beetles have disassembled the individual cues from the normal sun compass and just record the features that are actually there. Storing an arbitrary arrangement of cues means that the pattern can also contain unconventional elements such as the Milky Way at night, which some nocturnal beetles do use [12] .
The information that beetles record for guiding the direction of ball-rolling may be temporary. If a delay is imposed between the two rolls, the similarity of the two directions decreases over time so that, after 30 minutes, the directions have only a residual similarity (Jochen Smolka, personal communication). It seems that, for ball-rolling, there may be no need to remember the direction for long periods and thus no need for a more intricate sun compass that signals direction irrespective of time of day. Is the ballrolling guidance system, which has been so nicely dissected, the only way in which beetles exploit celestial cues? Might they also have the benefits of a timecompensated celestial compass with appropriately linked cues for directional guidance in other areas of their life? The responses of the neurons recorded in the beetle's central complex that combine the sun's direction and the sky polarisation pattern do not give a simple answer. Some neurons have the expected 90 o separation between the azimuth of the sun and the direction of polarisation, but more do not [1] .
It was found earlier that beetles record the orientation of sky cues for controlling the direction of ball-rolling during their 'dance' on top of the ball. Now that el Jundi et al. [2] knew that for ball-rolling the elements of the celestial scene are independent of each other, they could go one step further and determine whether beetles can record the orientation of a sky pattern during ballrolling as well as in the dance. The key experiment was to present just one cuefor example, green light -during the dance and then to add a second cue -for [2] . (D) Green light spot and polarised light cues are presented during the beetle's first dance on the ball but just the green light spot is presented when the ball is rolled. In the second dance and roll, only polarised light is present, giving just axial information. Roll is in the same or opposite direction to the first roll. Thus, during the first dance, the beetle recorded information about both cues. (E) Experiment with only the green light spot presented during the first dance, but with both green light spot and polarised light present during the roll. In the second dance and roll, only the polarised light cue is available. Directions of second rolls are random relative to the first roll, indicating that the information about the polarised light E-vectors was not acquired during the first roll.
example, polarised light -as soon as the beetle began to roll the ball. The test was to remove the green light before the second roll to see whether the direction of the polarised light introduced during the first roll had been learnt and would set the beetle's direction during the second roll. The results were unambiguous: the beetles had learnt nothing about the orientation of cues that were presented only during the roll ( Figure 1E ): the celestial cues must be recorded exclusively during the dance.
It is always satisfying when a paper poses intriguing questions that demand to be answered. In this case it is: Why do beetles record the sky pattern during the dance on the ball? There seem to be several possible kinds of answer. The first is that from the vantage point of the ball, the beetle has a less interrupted view of the sky. The beetle, while rotating on the ball could, for instance, select the most reliable celestial cues -ones that remain clear and/or rotate at a speed that matches the speed signalled by idiothetic cues. At a neuronal level, it could mean selecting for guidance the output of those compass neurones that respond unambiguously at particular orientations during the beetle's scan and are thus suited to the celestial cues that are currently present.
The second sort of answer is that rotating on the ball helps the beetle decide on the best direction for ballrolling. One reason for choosing a direction could be to avoid obstacles like the dung pile itself or other beetles. Another could be to select a direction that takes advantage of the landscape; for instance, to avoid upward slopes and to choose downward ones. The beetle's limited visual field and possible acute zones might then account for the rotational scanning that occurs during the dance. A final possibility is that dancing on the ball is a form of display that indicates to competitors the dancer's possession of the ball and a willingness to defend it from others. These possibilities are not mutually exclusive so teasing out which, if any, are correct may be challenging. Nonetheless, we can anticipate that unravelling the meaning of the dance will expose more of the dung beetle's remarkable surprises.
A new study in fission yeasts promotes the notion that transient polarity patches that wander the cell surface at the onset of mating are discrete agents of gradient sensing. This concept unexpectedly bridges the modes of gradient sensing in eukaryotes and prokaryotes.
The ability of cells to sense gradients of relevant environmental factors and align the direction of migration (chemotaxis) or growth (chemotropism) along these gradients is critical for their life functions and survival. Detailed molecular mechanisms and general biophysical principles of gradient sensing are thus of much interest and have remained the focus of continuous experimental and theoretical efforts for decades. The general consensus has been that prokaryotes and eukaryotes utilize distinct biophysical strategies. Temporary sampling of chemical gradients via biased random walk has been firmly established as the principle of chemosensing for small bacterial cells [1] . In contrast, the field of eukaryotic chemotaxis, led by the studies on large motile cells, such as Dictyostelium amoeba and neutrophils [2] , concluded that eukaryotic cells sense gradients spatially, by detecting differences in the occupancy of chemosensory receptors along their surface. However, it remained unclear
